The image quality and resolution of the Atomic Force Microscope (AFM) operating in tapping mode is dependent on the quality (Q) factor of the sensing micro-cantilever. Increasing the cantilever Q factor improves image resolution and reduces the risk of sample and cantilever damage. Active piezoelectric shunt control is introduced in this work as a new technique for modifying the Q factor of a piezoelectric self-actuating AFM micro-cantilever. An active impedance is placed in series with the tip oscillation voltage source to modify the mechanical dynamics of the cantilever. The benefit of using this control technique is that it removes the optical displacement sensor from the Q control feedback loop to reduce measurement noise in the loop and allows for a reduction in instrument size.
I. INTRODUCTION
The Atomic Force Microscope (AFM) 1 obtains threedimensional images of sample surfaces through measurement of the interatomic forces between a sharp probe tip, located at the end of a micro-cantilever, and the sample surface. When operating in tapping mode 2 the cantilever tip is oscillated at or close to its first resonance frequency, lightly touching the sample once every oscillation cycle. A schematic showing the typical instrumentation of an AFM operating in tapping mode is shown in Fig. 1 .
The sample is placed on a piezoelectric scanner which scans the sample in a raster pattern below the cantilever. As the sample is scanned below the cantilever the cantilever tip oscillation amplitude A(t) varies in proportion to the sample topography. Cantilever deflection is measured optically. 3, 4 A feedback controller regulates the vertical position of the sample, maintaining A(t) at a set-point value A set . As the sample topography is an input disturbance to this feedback loop the output of the controller is proportional to variations in the sample topography. A three-dimensional image of the sample is obtained by plotting the control signal as a function of the lateral scan position.
The variation in A(t) as a result of a change in sample height is dependent on the cantilever Q factor. A high Q factor cantilever produces a larger change in A(t) than a low Q factor cantilever. The high Q factor cantilever, therefore, has a higher force sensitivity [5] [6] [7] providing better image resolution. For samples which have very fine features it is beneficial to use a high Q factor cantilever for high resolution images. Biological samples are commonly imaged in a liquid environment. Hydrodynamic forces cause a significant reduction of the cantilever Q factor 8, 9 when imaging in liquid. This reduction in cantilever Q factor reduces the force sensitivity of the cantilever considerably. It is important to minimize tip-sample forces in order to minimize tip/sample damage and deformation of soft samples. The tip-sample force is inversely proportional to the cantilever Q factor. 9, 10 The reduction in sample deformation, as a result of increasing the cantilever Q factor, has been demonstrated by several authors.
11-13
The cantilever Q factor may be modified by feedback of the cantilever tip velocity.
14 This is termed active Q control. It is difficult and relatively expensive to incorporate a velocity sensor into the AFM. Therefore, it is necessary to estimate tip velocity from the displacement signal. Differentiation of the displacement signal is not recommended as high frequency noise is amplified in the feedback loop. Tip velocity is commonly estimated by delaying the displacement signal by 3π 2 radians at the tip oscillation frequency. A gain is then applied to this signal and subtracted from the probe oscillation signal to obtain the desired cantilever Q factor.
One drawback of using the time delay method of velocity estimation is that spill-over effects from the control action may affect higher order modes of the cantilever, leading to possible degradation of system performance. 15 The feedback signal used for most implementations of active Q control relies on the displacement signal obtained from the optical sensor. The optical deflection sensing technique used to measure cantilever tip displacement in commercial AFMs introduces a significant amount of noise into the deflection measurement. In addition to electronic noise, two other forms of noise are introduced by the optical sensor. The first form of noise introduced by the optical sensor is due to stray beams of light reflecting off the sample surface and back into the sensor. 16 The second form of noise is due to light reflecting back from the cantilever and the sample into the laser source. 16 Imaging in a liquid environment is particularly problematic due to reflection and refraction of the laser beam at the interface between air and water.
Other problems with the optical deflection sensing technique include the time taken to align the laser beam and the size of the sensor. The task of aligning the laser beam must be completed every time that the cantilever is changed. This can be a tedious and time consuming task. The optical sensor occupies a relatively large amount of space. Reducing the size of the sensor is an advantage for applications which use an array of cantilevers [17] [18] [19] and to reduce the size of the AFM. 18 The technique of active piezoelectric shunt control, introduced in this work to modify the effective Q factor of a piezoelectric self-actuated AFM micro-cantilever, removes the optical sensor from the Q control feedback loop. If the cantilever displacement can be measured with the piezoelectric transducer [20] [21] [22] it would be possible to remove the optical sensor from the AFM altogether, overcoming the limitations of the optical sensing technique mentioned above.
II. ACTIVE PIEZOELECTRIC SHUNT CONTROL
Passive piezoelectric shunt control 23 is a popular method of controlling vibration in structures such as spacecraft 24 and aircraft components. 25 A piezoelectric transducer is bonded to the surface of the structure with a passive electrical impedance connected to its electrodes. The piezoelectric transducer converts the mechanical energy of the structure to electrical energy and vice versa. The dynamics of the electrical circuit have a strong influence on the mechanical dynamics of the structure.
Fairbairn et al. 26 reduced the Q factor of a piezoelectrically actuated AFM micro-cantilever using passive piezoelectric shunt control. A synthetic impedance emulating an inductance and a resistance was placed in series with the cantilever oscillation voltage source to create an LRC circuit. This LRC circuit was tuned to the mechanical resonance of the cantilever to ensure that the electrical dynamics of the circuit had maximum influence over the mechanical dynamics of the cantilever. By tuning the resistance in the circuit a reduction in the cantilever Q factor from 297.6 to 35.5 was achieved.
Passive piezoelectric shunt control cannot be used in applications where an increase in the cantilever Q factor is required to increase force sensitivity and reduce tapping forces. To increase the cantilever Q factor using piezoelectric shunt control, energy must be added to the system. This requires the design of an active impedance in the piezoelectric shunt control framework.
The concept of using active piezoelectric shunt control to increase the Q factor of a cantilever has recently been demonstrated by Zhao et al. 27 Their experiments were conducted on a large cantilever (0.043 m × 0.433 m) with a resonance frequency of 91.7 Hz. An inductance and a negative resistance were connected to the terminals of a piezoelectric transducer which was bonded to the cantilever surface. To test the influence of the electrical impedance on the cantilever dynamics a separate piezoelectric transducer bonded to the cantilever was used for actuation.
In this work the technique of active piezoelectric shunt control is applied to a piezoelectric AFM micro-cantilever with a resonance frequency of approximately 50 kHz. The piezoelectric layer on the surface of the cantilever is used to simultaneously oscillate the cantilever and modify its dynamics in a way that enhances the Q factor.
A. Piezoelectric transducer electrical model
The AFM micro-cantilever chosen to demonstrate the concept of active piezoelectric shunt control in this work is the DMASP micro-cantilever manufactured by Bruker. 28 This device consists of a silicon cantilever which has a length of 120 μm and a width of 55 μm with a thin layer of piezoelectric zinc-oxide (ZnO) material deposited on the bottom surface. A probe tip which has a height of 15-20 μm and a tip radius of approximately 10 nm is found on the underside of the cantilever. A layer of titanium gold (Ti/Au) is bonded above and below the ZnO layer acting as electrodes. Applying a voltage to the electrodes causes the piezoelectric layer to expand or contract, depending on the polarity of the voltage, resulting in flexure of the cantilever. A sinusoidal voltage is applied to the electrodes to oscillate the cantilever tip when operating in tapping mode.
In the design of piezoelectric shunt control systems the piezoelectric transducer is commonly modeled electrically as a strain dependent voltage source v p in series with a capacitance C p . 23 This model was used to design the passive piezoelectric shunt control system used for reduction of the cantilever Q factor in Ref. 26 .
Initial experiments with active piezoelectric shunt control of the DMASP micro-cantilever for Q factor enhancement indicated that the v p in series with C p model does not work well for this application. The experimental results did not match the values calculated for the shunt impedance parameters. This issue was also observed by Zhao et al. 27 in their experimental work. Zhao et al. 27 concluded that the mismatch between expected results and experimental results was due to frequency dependent electrical energy losses (dielectric losses) which may be modeled as a resistance R p in parallel with C p and v p .
The frequency response of the DMASP micro-cantilever electrical impedance was measured in Refs. 29-31. Significant electrical energy losses in the ZnO piezoelectric transducer were observed.
When the cantilever is modeled electrically as a resistance R p in parallel with C p and v p the transfer function from a voltage v(s) applied to the transducer terminals to the charge q(s) generated at the terminals is represented by
where G dv is the transfer function from v(s) to the cantilever tip displacement d(s) and is given by
Here ω n is the natural frequency of the cantilever, β v is the steady state gain of G dv , and α is the piezoelectric voltage-
). The impedance of the piezoelectric transducer may now be derived as
The values for C p and R p were measured using an Agilent E4980A LCR meter. C p was measured to be 28.5 pF and R p was found to be 6.7 M .
The frequency response of G dv (s) was obtained by applying a pseudo random signal to the cantilever electrodes and measuring the resulting tip displacement with a Microscope Scanning Laser Doppler Vibrometer (Polytec MSV 400). The frequency response of G dv (s) is shown in Fig. 2 . The mathematical model of G dv (s) obtained by system identification is G dv (s) = 2126 s 2 + 1472s + 1.119 × 10 11 (4) and is also shown in Fig. 2 . A frequency response of the cantilever impedance, shown in 
By equating (3) and (5) 
B. Electromechanical model of the piezoelectric shunt system
A schematic of the micro-cantilever with the attached shunt circuit is shown in Fig. 4 . The piezoelectric shunt control system may be modeled by the block diagram of Fig. 5 . In this representation the cantilever is modeled as the system G. The cantilever has two inputs: the terminal voltage v and a disturbance strain w. This disturbance strain is a result of variations in the sample topography when scanning. The cantilever's two outputs are the tip displacement d and the charge generated at its terminals q. v s is the voltage applied to the circuit and v z is the voltage appearing across the terminals of the shunt impedance. The initial tip displacement due to a disturbance is represented by d w . The transfer function from w(s)
where β w is the steady state gain of 
C. Modelling the transfer function from actuating voltage to tip displacement
From the block diagram of Fig. 5 the transfer function from v s to v may be derived as
Substituting (1) into (7) gives
Let
and
then
The transfer function from v s to d, when the shunt impedance is connected, is now found to be
G dv s may be viewed as a negative feedback loop with a filter H(s) in the feed forward path. When imaging in tapping mode the oscillation voltage is a sinusoidal signal. The filter H(s) results in a modification in the magnitude and phase of this signal. The modification of phase does not affect the performance of the device and the modification in the magnitude may be accommodated for by varying the amplitude of the input signal.
D. Modelling the transfer function from sample topography to tip displacement

To obtain the transfer function from w(s) to d(s), v s (s) is first set to zero. From Fig. 5 it is observed that
where q(s) is given by
(15) Substituting (15) into (14) gives
Substituting (13) into (16) results in the transfer function
. (17) From Fig. 5 it is observed that
Substituting (17) into (18) results in the transfer function
Combining (19) and (6) results in the transfer function
G d w w (s) has the same poles as G dv (s), the only difference being the steady state gain β w . The transfer function G dw (s) may be written as
where λ = β w β v . In the above form G dw (s) may be viewed as a negative feedback loop, as shown in Fig. 6 . The closed loop poles may be placed in the s plane to obtain the desired Q factor by design of the feedback controller K(s).
Note that the transfer function of the controller K(s), when an impedance Z(s) = Ls − R is applied, is a filter with a phase lag of π 2 at the filters resonance frequency f r . If f r is tuned to the oscillation frequency of the cantilever the controller is effectively estimating the cantilever tip velocity and applying a negative gain. The gain and bandwidth of control may be tuned by varying the parameters R and L. 
III. SYNTHETIC IMPEDANCE
An active impedance such as Ls − R cannot be implemented using passive components. Cantilever parameters, such as C p and α, will vary with material imperfections and manufacturing tolerances. Environmental conditions such as humidity, temperature, and air pressure will cause variations in the cantilever resonance frequency. The values of R and L required to obtain a desired cantilever Q factor will, therefore, vary from cantilever to cantilever and with environmental conditions. A synthetic impedance was designed to implement the active impedance and to allow for fine tuning of the values of R and L.
To implement an arbitrary impedance Z(s) synthetically . The circuit of Fig. 7 , which shows the piezoelectric micro-cantilever attached to a synthetic impedance, is equivalent to the shunt impedance circuit shown in Fig. 4 if
FIG. 7. Piezoelectric shunt control circuit implemented with a synthetic impedance.
FIG. 8. Admittance filter F Y (s).
From Fig. 7 it is observed that
The resulting impedance is now found to be
A block diagram implementation of F Y (s) is shown in Fig. 8 . By varying R and the gain ( The admittance filter F Y (s) is implemented with operational amplifiers in the schematic of Fig. 9 which shows the piezoelectric micro-cantilever attached to the synthetic impedance. The non-inverting summer, shown in Fig. 7 , which adds the oscillation voltage v s to the cantilever terminal voltage is incorporated into the admittance filter circuit to reduce the number of operational amplifiers required in the circuit. The operational amplifiers used in this circuit are Linear Technology LT1468 operational amplifiers. 33 In this implementation the value of the inductance is determined by L = RR I C.
When increasing the cantilever Q factor the poles of the cantilever are pushed toward the jω axis of the complex plane. As the poles are shifted toward the jω axis the risk of the cantilever becoming unstable is increased. Cantilever instability may result in damage to the cantilever and/or sample. The maximum amplitude at which the cantilever can oscillate, if the system goes unstable, may be controlled by limiting the power supply voltage of the operational amplifier to which the cantilever is connected, in Fig. 9 . This may avoid any damage which might occur if the system does become unstable.
IV. EXPERIMENTAL DEMONSTRATION
A. Determination of shunt impedance parameters
Inductance
For the electrical dynamics to have a sufficient influence on the mechanical dynamics of the cantilever the resonance frequency f e created by the electrical circuit must be tuned close to the mechanical resonance f r of the cantilever. The inductance tuning ratio is defined as For the piezoelectric shunt control circuit shown in Fig. 4 f e is given by f e = 1 2π
The necessary inductance may be found by tuning δ close to 1. For an initial demonstration of the active piezoelectric shunt control technique this was achieved by setting f e = f r (δ = 1). f r was measured from the frequency response shown in Fig. 2 to be 53234 Hz, therefore f e was be tuned to 53234 Hz. The necessary inductance is calculated by substituting the values for f e , C p , and R p into (27) . The value for L was found to be 313.56 mH.
Resistance
The characteristic equation The root locus when δ is tuned to 1, for R ∈ [−∞, 0], is shown in Fig. 10 . A zoomed in view of the upper left quadrant of the root locus is shown in Fig. 11 . As R is reduced, the poles of G dw (s) shift toward the right of the complex plane, increasing the Q factor of the cantilever. The cantilever reaches a point of instability when the poles cross the imaginary axis. The value of R, which causes the system to go unstable, is determined by conducting a Routh-Hurwitz stability analysis on A CL . The value of R which causes system instability, when δ is tuned to 1, is −3250 . A slightly higher value of resistance (−3150 ) was chosen for this initial test to ensure stability of the cantilever.
B. Cantilever frequency response
The force sensitivity and tip-sample force of the AFM operating in tapping mode are dependent on the dynamics of G dw (s). To measure the frequency response of G dw (s) a piezoelectric actuator is placed underneath the cantilever mounting base with an excitation signal applied to the actuator. Difficulties were encountered with this method due to   FIG. 10 . Root locus of G dw (s) when δ = 1. A zoomed in view of the section inside the red square is shown in Fig. 11 . the additional dynamics added to the system by the cantilever mounting base and the piezoelectric actuator. An alternative method of measuring the frequency response of G dw (s), when the active piezoelectric shunt controller is implemented, is to apply a filtered excitation signal to the cantilever electrodes. Equating (12) and (21) gives and an inductance of 313.56 mH was applied to the DMASP micro-cantilever. The frequency response plot of H −1 (s)G dv s (s) for this system is shown in Fig. 12 . The Q factor of the left resonance peak was measured to be 2165 with the right peak having a Q factor of 767. The cantilever Q factor with no applied shunt impedance was measured to be 178. Using the left resonance peak of the shunt controlled cantilever for tapping mode imaging would result in an increase of the effective cantilever Q factor by over 12 times. 
V. AFM IMAGING WITH THE ACTIVE PIEZOELECTRIC SHUNT CONTROL TECHNIQUE
To test the efficacy of the active piezoelectric shunt controller images of a sample with fine features were acquired with an NT-MDT NTEGRA AFM. 34 The sample chosen to demonstrate this technique consisted of clusters of gold nanoparticles sputtered on a silicon wafer, which is commercially available from Nanosurf Instruments. 35 The features found on this sample were less than 6 nm high which is ideal for testing the effect of increasing the cantilever Q factor on image quality.
A 350 nm × 350 nm section of the sample was scanned with no cantilever Q factor enhancement at a scan speed of 1 μm/s. The image obtained is shown in Fig. 14(a) . The active piezoelectric shunt controller was then placed in the tip oscillation circuit and the cantilever Q factor tuned by varying L and R. The amount of Q enhancement required to improve the quality of the image was determined experimentally. Through trial and error it was found that a Q factor of 410 gave the greatest improvement in image quality. Increasing the Q factor further leads to significant oscillations appearing in the image due to low Z axis feedback loop stability margins. The shunt impedance parameters of L = 306.10 mH and R = −2450 were required to increase the cantilever Q factor from 178 to 410. A frequency response of G dv s (s) with active piezoelectric shunt control and shunt impedance is shown in Fig. 13 . The resonance peak on the left was used for imaging. The image obtained is shown in Fig. 14(b) .
Comparing the images of Figs. 14(a) and 14(b) it can be seen that the sample features in the image obtained using active piezoelectric shunt control to enhance the cantilever Q factor are higher, giving a sharper image contrast.
VI. CONCLUSION
The benefits of using a high Q factor cantilever when imaging in tapping mode AFM have been highlighted in this article. The increased force sensitivity and reduced tip-sample force as a result of increasing the cantilever Q factor are beneficial in many imaging applications such as imaging samples with fine features, soft samples, and samples in a fluid environment.
Active piezoelectric shunt control was introduced in this work as a new technique of increasing the Q factor of a piezoelectrically actuated AFM micro-cantilever. This method of Q control has an advantage over existing Q control techniques in that it removes the optical sensor from the Q control feedback loop, reducing measurement noise in the loop. If this method of active Q control is used in conjunction with alternative methods of measuring the cantilever displacement which work by measuring the current through the piezoelectric transducer bonded to the cantilever, the optical sensor may be removed from the instrument altogether. Removing the optical sensor is not only an advantage for reducing sensor noise, it allows for a reduction in the size of the AFM which is a benefit in many applications. The compact size and low cost of the active piezoelectric shunt control instrumentation enables the active piezoelectric shunt controller to be easily integrated into existing AFMs.
A high cantilever Q factor is desired in many other cantilever sensing applications such as measuring air pressure, 30 temperature, 36 humidity, 37 and the concentration of chemical and biological substances. [38] [39] [40] The above mentioned benefits of active piezoelectric shunt control are also desirable in these applications.
